In order to improve the traveling performance of robotic system in the fields with rough terrains and uncertainties, the hopping mechanism is sometimes employed as a locomotion method. In our preceding study, a hopping mechanism utilizing the energy generated by resonance is proposed, and we revealed that simple resonance of the system resulted in insufficient hopping height and that some additional devices were required to obtain a meaningful hopping height of the system. In this paper, a hopping mechanism with stiffness switching is proposed to achieve a meaningful hopping height. The stiffness is switched by an electrical method through the use of piezoelectric elements and capacitors connected to it. It is expected that the proposed mechanism leads to a realization of a smaller and more reliable hopping mechanism since it has quite simple configuration. The proposed mechanism is analyzed theoretically and the effectiveness of the mechanism is confirmed by numerical analyses.
Introduction
Due to the increasing requirements of a number of robot systems, a variety of locomotion systems have recently been developed. One of these is the hopping system, which is sometimes adopted as a means of locomotion for very rough terrain. Since a robot with such capability does not require continuous contact with the ground during locomotion, ground conditions generally have less impact on locomotion performance than for other locomotion systems, e.g., wheeled robots (1) , crawler-type vehicles (2) , and multi-legged robots (3) .
For a hopping system, it is highly advantageous to utilize the energy generated by resonance, which can be caused by small amounts of force and torque. Furthermore, because this energy depends only upon the stiffness and deformation of the excited component, it offers many possibilities for miniaturization. To utilize resonance for vertical hopping, both theoretical and numerical studies have been carried out by the author (9) . These studies revealed that a simple resonance caused by a small force cannot store enough energy for active hopping. The reason for this is that the energy stored by resonant oscillation grows gradually, and the system begins to take off once the energy becomes almost the same as, or slightly larger than, the amount required for zero ground reaction force, which is, however, insufficient energy to achieve a meaningful hopping height. Additional approaches or mechanisms are therefore required in order to realize a meaningful hopping height.
In this paper, a hopping mechanism with stiffness switching is proposed that is based upon our preceding study (9) . The system has flexible elements that are given resonant oscillations. The system is switched to a higher stiffness just prior to a hop, which leads to a leap of energy and an improved hopping height. Stiffness switching is carried out by an electrical method that utilizes piezoelectric elements and capacitors. Expectedly, this method offers more reliability than a mechanical switching method and may also offer new possibilities for miniaturization. This paper is organized as follows. In Section 2, the hopping mechanism with stiffness switching is analyzed by applying our preceding study (9) . An electrical stiffness switching method is also proposed and studied in this section. In Section 3, a hopping mechanism with a single excited component and stiffness switching is introduced, together with numerical analyses that demonstrate the effectiveness of the proposed system and problems that it presents. Section 4 introduces a hopping mechanism with multiple excited components and stiffness switching that resolves the problems associated with the single excited component discussed in Section 3. Section 4 also presents numerical analyses of the mechanism and confirms its validity. Section 5 presents a summary of this work and some future works.
Nomenclature
Common symbols A two-degree-of-freedom spring-mass system (TSMS) is introduced, as shown in Fig.  1 . As can be seen in the figure, an upper body and a lower body are connected to each other by a spring. The lower body is the only component in contact with the ground, and an actuator is mounted on the upper body. We assume that the spring constant is variable at any moment. Note that the style of the actuator is not specified, but the actuator provides a small vertical force to the upper body. The method of varying the spring constant is not specified in this section. Then, the mathematical model of TSMS is given by
where ) (t y l and ) (t y u are measured from the stationary state in which the lower body contacts the ground and the length of the spring is its natural length. Suppose that the system is made to hop through the use of resonance. At first, the system is in a stationary state; that is, the spring force and the gravitational force on the upper mass are equal, and both of the masses remain stationary. When the upper mass receives resonant oscillation caused by the actuator, the amplitude of oscillation begins to grow, and the system begins to take off from the ground at the moment when the energy becomes greater than the minimum amount required for takeoff. At that point, the maximum height of the center of gravity max G y is given by is satisfied. According to the reference (9) , the takeoff condition for the TSMS is given as
After resonance is given to the system, the inequality 0 0 < + g m ky u u (6) holds, since 0 u y is lower than the equilibrium point between the spring force and the gravitational force on the upper mass. Eq. (5) is then converted to the following inequality as 0 2
Consequently, Eqs. (3), (4) and (7) yield
Equation (8) indicates that an increase in the stiffness in the compressed state leads to a higher hopping height. Furthermore, the partial differentiation of 
when Eq. (6) is taken into account. Note that mounting a spring with higher stiffness at the initial state does not lead to an effective improvement of the hopping height because a spring with higher stiffness is compressed less than a spring with lower stiffness when the system is given resonance, and less compression results in a lower hopping height, as indicated in Eq. (9) . Therefore, switching the spring in the compressed state right before hopping begins is an important factor. To show the validity of this hopping procedure governed by stiffness switching, some numerical analyses were carried out for the TSMS, and the results are presented in Fig. 2  and 3 for the hopping phenomenon both with and without stiffness switching. The parameters for these analyses are shown in Table 1 , and the other conditions for the analyses are as follows:
• Impact between the ground and the lower body is completely inelastic.
• Air resistance on both bodies is not taken into consideration.
• The spring constant of the system without stiffness switching is fixed at a value of 1 k .
• The spring constant of the system with stiffness switching, is first set at the value of 1 k and switched to the value of 2 k at the appropriate time s t . Table 1 Parameters for the analyses Fig. 2 , the left and right figures show the results of the numerical analyses of TSMS without and with stiffness switching, respectively. The upper, middle, and lower results show the displacements of the lower body, upper body, and the center of gravity, respectively. Since the results from 2.00[s] to 7.00[s] are trivial, they are omitted, as can be seen in Fig. 2 . In Fig. 2 , the left figure indicates that the system without stiffness switching realizes the first hopping at around 7.90 [s] , and the right figure indicates that the system with stiffness switching realizes the first hopping at around 7.70 [s] . In the case of stiffness switching, the time for the switching is set at 7.65 [s] , which corresponds to the local minimum point right before takeoff for the system without stiffness switching. As is clear from the displacements of the lower body and the center of gravity in these figures, stiffness switching contributes to an increase in the hopping height of the system. Without stiffness switching With stiffness switching
[m]
[m] Without stiffness switching With stiffness switching 
Stiffness switching by piezoelectric element and external circuit
In this subsection, a piezoelectric element with an external circuit is introduced that can realize a simple and reliable method of stiffness switching. First, we assume a system as shown in Fig. 3 . It consists of a flexible beam, a piezoelectric element, a tip mass, an external circuit whose impedance is Z , and an actuator on the tip mass. The piezoelectric element is attached to the flexible beam and is the same length as the beam. Note that the style of the actuator is not specified, but the actuator provides a small degree of vertical force to the tip mass. For the sake of convenience, we will hereafter refer to the system as the "excited component". Assume that the system oscillates in the i -th mode. Then, the mathematical expression of the system for the i -th mode without an external circuit is given by (5) , (6) 
The appropriate implementation of passive circuit elements, e.g., capacitance, resistance and inductance, in the external circuit realizes a passive vibration suppression system of the beam, and such a system has been well studied (5) - (7) . Resent research (7) indicates that such a system can be represented by an equivalent mechanical model as long as the external circuit has simple configurations, e.g., a series connection of capacitance, resistance, and inductance, which function as an additional spring, additional damper, and additional mass, respectively. Let us assume that the external circuit consists of only a capacitor. Then, the applied voltage v corresponds to the drop in voltage induced by E C , and is given by
Note that the minus sign indicates a drop in voltage. Then, substituting Eq.(12) into Eqs.(10) and (11) yields
Eliminating q from Eqs. (13) and (14), the mathematical expression for the system is represented as
It is clear that Eq. (15) represents an equivalent mechanical model of the system shown in Fig. 3 , when the external circuit consists of only a capacitor, and can be depicted as Fig. 4 . As is clear from Eq.(15), the stiffness of the system can be changed by the value of E C , and a smaller capacitance corresponds to a greater stiffness of the equivalent spring. The system represented by Eq.(15) can be assumed to be the part of the TSMS shown in Fig. 1 . That is, the upper mass and the spring in Fig. 1 correspond to the upper mass and a composite spring equivalent to the three springs in Fig. 4 , respectively. It can therefore be feasible to switch the stiffness of the hopping mechanism by manipulating its electrical elements.
Equivalent mechanical model of the system shown in Fig. 3 
Proposed method for capacitance switching
As shown in Subsection 2.2, the stiffness of the beam with a piezoelectric element can be switched by changing the capacitance value in the external circuit. It is not clear, however, what such a change in the capacitance value means. To understand the physical interpretation of that change, the variation in energy before and after stiffness switching is considered below. Assume 
where
. Then, the variation of the potential energy 
Equation(19) reveals that the value of the capacitance in the external circuit must be switched under the condition that electric charge within the circuit is kept at the same value.
Based upon the above discussion of capacitance switching, an example of the capacitance switching method is proposed, as illustrated in Fig. 5 . C when t t s < . As discussed previously, it is important for the value of the electric charge to be adjusted to the same value before and after capacitor switching. Note that switching at points A and B can be achieved electronically with, e.g., a field-effect transistor (FET). Consequently, capacitor switching and its corresponding stiffness switching can be realized by electrical methods.
Hopping mechanism with a single excited component and stiffness switching

Proposed hopping mechanism and its mathematical expression
Let us assume the mechanism shown in Fig. 6 hops using the principle discussed in Section 2. As Fig. 6 shows, the excited component introduced in Subsection 2.2 is connected to a rigid body, which is the only component in contact with the ground. To derive the mathematical expression of the mechanism, the following assumptions are introduced:
Rigid body • Impacts between the ground and the rigid body are completely inelastic.
• Assuming that the deformation is small, the torques caused by the deformation of the beam are not taken into account. That is, the deformation of the beam does not influence the rotational motion of the system, and only vertical translational motion is considered when deriving the mathematical model.
• For the flexible element, only bending deformation is assumed.
• The internal viscosity of the flexible element is omitted from consideration.
To derive the mathematical expression for the flexible element, modal decomposition is applied to the element as
In this paper, it is assumed that the first-mode oscillation is dominant and that oscillation modes beyond the second are truncated as follows ) ( ) ( ) , (
By applying the assumption of Eq.(21), each energy factor, except for that of the external capacitor, is derived, and the application of the Lagrange equation to these energies yields the equation of motion for the proposed mechanism without an external capacitor, as:
The details of 
Introducing the absolute coordinate of the tip mass, Eq.(25) is rewritten as
where F can be assumed to be negligible. Such an assumption is reasonable because the shape of the flexible part is designed to be thin and long in order to cause resonance. Consequently, Eq.(26) becomes structurally analogous to Eq.(1), making it possible to apply the same hopping scheme described in Subsection 2.1 to the mechanism proposed in this section.
Numerical analysis of hopping mechanism with a single excited component and stiffness switching
Numerical analyses were carried out in order to validate the proposed hopping mechanism. Exciting force is given by t f f , which is
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Vol. 4, No. 1, 2010 the natural angular frequency when a rigid body is in contact with the ground. The value of each parameter in the numerical analyses is given in Table 2 . Note that the parameters for the piezoelectric element are the reference values for the "C-91 piezoelectric ceramic" produced by the Fuji Ceramics Corporation (8) . Figure 7 shows the results of numerical analyses. The upper, middle, and lower results correspond to the time histories of ) (t y r , ) (t y t , and ) (t y G , which is the center of gravity, and is given by 
In Fig. 7 , the dashed line shows the results of the analysis for the mechanism without stiffness switching, and the solid line shows the results with stiffness switching. The capacitance of the external capacitor is switched from
. The time at which switching takes place is determined from the analysis for the mechanism without stiffness switching, and corresponds to the time of the local minimum point of ) (t y t right before takeoff of the rigid body. As Fig. 7 indicates, ) (t y r takes off from the ground after s t , and the rigid body of the mechanism with stiffness switching reaches a higher point than that without stiffness switching. However, as is clear from Fig. 7 , the height of ) (t y G is not dramatically improved by stiffness switching. It is difficult to find feasible parameters that produce a significant increase in the height. The source of this difficulty is in the electrical aspect of the system, as is demonstrated in the following subsection.
Study of electrical features of the proposed hopping mechanism
As Eq.(14) is derived from Eqs.(11) and (12), the relationship between ) ( 1 t ξ and ) (t q , when the external capacitance 1 E C is connected, is given by
By substituting ) 
Since the value of the electric charge before and after capacitance switching must be kept at the same value, as was mentioned before, and the voltage of the capacitance ) ( One problem is that high voltage is required in order to store the desired electric charge for 2 E C before capacitance switching. This problem can be resolved, however, by the switching circuit shown in Fig. 8 . In this figure, the larger dashed rectangle corresponds to the external capacitor, and the smaller dashed line corresponds to the capacitor whose capacitance is 2 E C . Furthermore, the external capacitor . Note that the withstand voltage of the piezoelectric element becomes significant depending on the direction of the electrode. In the proposed mechanism, the direction of applied voltage induced by capacitance switching is always same. Therefore, the problem of withstand voltage can be prevented by appropriate connection of the external capacitor. Such high voltage, however, is not practical in terms of safety, and may present an obstacle to miniaturization.
Hopping mechanism with multiple excited components and stiffness switching 4.1. Proposed hopping mechanism and its mathematical expression
In terms of the practical application of the proposed hopping mechanism, it is preferable for the voltage generated in the system to be kept at a lower value, as mentioned in Subsection 3.3. Eq.(31) indicates that smaller deformation of the flexible element is preferable in order to maintain the voltage at a lower value. For this reason, a hopping mechanism with multiple excited components is proposed, as shown in Fig. 9 , that will maintain such smaller deformation. Fig. 9 Hopping mechanism with multiple excited components When each component is excited synchronously, the resulting configuration realizes a higher equivalent stiffness of the whole excited component, as compared to a mechanism with a single excited component of same size, and the resulting deformation before hopping can be suppressed. Note that although a single excited component with a wider and thicker beam can also suppress the deformation, it cannot be guaranteed that the voltage will be decreased. The reason for this is that the voltage depends on i Θ and The mathematical expression of the hopping mechanism with N multiple excited components is given by
where 
are same as those used in Eq.(25). To give resonant oscillations to the proposed hopping mechanism, each excited component is excited synchronously, and the force generated by each actuator is given by ) , 2 , 1 ( sin 0 ) (
Numerical analysis of the hopping mechanism with multiple excited components and stiffness switching
To validate the proposed hopping mechanism with multiple excited components, numerical analyses were carried out. The parameters of each excited component are the same as those shown in Table 2 . Note that the reason for such a difference in the amplitude of the exciting force is to make the results comprehensible, and this difference does not affect the overall validity of the proposed method. The number of excited components attached to the rigid body is set at 100 . Figure 10 shows the results of the numerical analyses. The upper, middle, and lower figures in Fig. 10 is shown in Fig. 10 . The results indicated by the solid and dashed lines are the results of the proposed mechanism with and without stiffness switching, respectively. The time for the stiffness switching is determined from the results in the case of no stiffness switching; that is, the time when the displacement of the tip mass reaches the local minimum point right before takeoff of the mechanism. At that point, the external capacitance is switched from As Fig. 10 shows, the maximum achieved height of the rigid body, and the center of gravity in the case of stiffness switching, , which is smaller than that value in the case of a single excited component. It can thus be affirmed that the proposed hopping mechanism demonstrates a distinct degree of effectiveness in the improvement of hopping height. We would remark that the hopping height becomes much greater for multiple excited components than for a single excited component, and it is difficult to find a parameter set to realize such a height in the case of a single excited component. Such an increase in achieved height becomes possible because the inclusion of the parameter N leads to an increase in the degree of freedom of the design parameter. That said, it is difficult to say whether the maximum height achieved by the proposed mechanism is definitely sufficient. Even a brief study of the parameters involved indicates that the relationships between all of the parameters are quite complex.
Conclusion and future works
This paper has shown the possibility of new hopping mechanisms that utilize resonance and stiffness switching, through both theoretical analyses and numerical examples. Since the stiffness switching in such proposed mechanisms is conducted by electrical means, it is expected that more reliable and smaller hopping mechanism can be realized. Future potential studies on the proposed mechanism are listed below.
• Parameter is required to be optimized to improve the hopping height of the system.
• Application of other functional materials may lead to effective stiffness switching.
• To practically apply the hopping mechanism with the proposed method, a horizontal locomotion method is required to be implemented in the system.
• Proposed mechanism is required to be validated by experiments.
• It is required to investigate the influence of the internal viscosity on the hopping 
